Multiple sclerosis (MS) represents one of the leading causes of neurological disability in young adults.
traumatic injury and MS. Clarification of the role of traumatic injury in MS is important not only on pathogenic but also on medical-legal grounds since persons with MS continue to seek compensation for injuries which they feel may have caused their disease, adding to debate on this topic. [7] [8] [9] [10] Critical appraisal of studies using a widely available and structured critical appraisal form and assigning scores for quality would provide additional credibility to conclusions about an association; quantification through producing a combined effect size would allow an assessment of the importance of traumatic injury as a risk factor. We conducted an updated systematic review including articles not covered by the AAN report, critically appraised identified articles using a structured appraisal form and employed metaanalysis techniques to address the probability of an association between traumatic injury and MS onset.
METHODS
Reporting of this systematic review and meta-analysis follows the guidelines established by the Meta-Analysis of Observational Studies in Epidemiology group, 11 since these are more appropriate to a review of risk factors based on casecontrol and cohort studies than guidelines designed for experimental studies such as randomized controlled trials (RCTs). Randomized controlled trials cannot be used to examine risk factors for a disease on ethical grounds. Consequently casecontrol and cohort studies, despite their greater susceptibility to bias, must be relied on to assess risk.
Criteria for inclusion of studies
Only case-control and cohort studies were selected for the systematic review; descriptive studies with no comparison group based on either exposure or outcome were ruled out. Studies must have reported a measure of association between traumatic injury and MS onset, such as an odds ratio (OR) or standardized incidence ratio (SIR) or provided original data on the occurrence of traumatic injury by disease status from which a measure of effect could be calculated. Studies were included if they involved humans with a diagnosis of MS without restriction by age, gender, geographic region, or race/ethnicity of study participants. The exposure of interest was a traumatic injury, as defined by medical sub-heading (MeSH) terms used in Medline and Pubmed databases: "Any physical damage inflicted on the body as the direct or indirect result of an external force, violence, or accident with or without disruption of structural continuity." The outcome of interest was the development of MS (that is, onset as opposed to relapse), evaluated either clinically or laboratory supported according to accepted criteria of the time. Studies were not excluded on the basis of language.
Search strategy
Relevant studies published from January 1, 1950 to May 31, 2011 were obtained through a computerized search of bibliographic databases, including Medline, Medline in process, Embase, All EBM Reviews -Cochrane Database of Systematic Reviews, American College of Physicians Journal Club, Database of Abstracts of Reviews of Effectiveness, Cochrane Central Register of Controlled Clinical Trials, Cochrane Methodology Register, Health Technology Assessment, and NHS Economic Evaluation Database, Ovid HealthStar, Cumulative Index to Nursing and Allied Health Literature, ISI Web of Science, PubMed, and Scopus. Key words used were: multiple sclerosis, accident, injury, trauma, fracture, fall and concussion. They were selected with the help of a librarian specializing in health sciences databases and included terms used by the Cochrane Collaboration for studies involving MS. This procedure was complemented by manually searching the bibliographies of database-identified articles for key authors and journals. Narrative reviews were also hand-searched for their references. Scopus was used for each of the initially selected articles to track the references and who cited the original publications to ensure that no potentially relevant articles were missed in the search. Google search engine was used to identify studies which might have been published in the "grey literature" rather than peer-reviewed journals. Colleagues of the corresponding author (SW) were consulted to determine whether they knew of other unidentified articles.
Study identification and data extraction
Two reviewers (SAO, JF) screened the titles and abstracts of identified articles. Full texts of articles were retrieved for potentially relevant studies, and for those whose abstracts provided inadequate information to make a decision. The same reviewers independently screened the full text of all retrieved articles, using a standard form based on the inclusion criteria. If discrepancies occurred between the reviewers on whether to include an article, they compared rating forms and resolved discrepancies by discussion. The same reviewers (SAO, JF) extracted relevant data from each of the articles chosen for the systematic review. Information regarding authors, year, country, study design, data collection, sample size and characteristics, type of traumatic injury, statistical analysis and results was recorded. When information provided in the article was open to interpretation, it was discussed to reach consensus on how it should be reported.
Quality assessment
A critical appraisal was conducted to determine the methodological quality of the included studies (SAO, JF), using the Newcastle-Ottawa Scale (NOS) which provides different scales to analyze case-control and cohort designs. The NOS is the most frequently used tool to assess the quality of nonrandomized studies in health research and has been recommended by the Cochrane Non-Randomized Studies Methods Working Group, who note that its content validity and inter-rater reliability have been established. 12 The NOS tool uses a "star system" in which a study is judged from three broad perspectives: the selection of study groups; the comparability of groups; and the ascertainment of either exposure or outcome of interest for case-control or cohort studies respectively. Each NOS scale includes eight items. The items for the case-control version include: 1) case definition adequate, 2) representativeness of cases, 3) source of controls, 4) definition of controls, 5) comparability on most important factor and others, 6) ascertainment of exposure, 7) same method of ascertainment for cases and controls, 8) non-response. The first five items in the cohort version are essentially the same but the other three (items 6 to 8) include: 6) ascertainment of outcome, 7) follow up long enough for outcome to occur, 8) adequacy of follow up of cohorts. Each item in either version is awarded a maximum of one star if appropriate standards have been achieved, with the exception of comparability which allows for two stars based on extent. Newcastle-Ottawa Scale scores range from zero to nine stars. We developed a scoring system to rate studies included in this review. The score for each was calculated by dividing the number of stars achieved by the number of items. Each study was graded as low, moderate or high quality based on this score. Cut-off points were designated a priori as: 0.00-0.44 low methodological quality, 0.45-0.70 moderate quality, and 0.71-1.00 high quality. Such cut-off points are often used to determine reference values for level of association/agreement by researchers and have been acknowledged as acceptable by experts in research methods.
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Meta-analysis technique
Data regarding exposure and outcome were extracted from all studies providing quantitative information. A meta-analysis was performed to quantify the pooled effect of the association between traumatic injury and the onset of MS. Revman 5.0 Software † [Computer program, Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2008 http:// www.cc-ims.net/RevMan] was used to summarize the effects (odds ratio for case-control studies or SIR for cohort studies) and to construct visual tree-like forest plots (meta-graphs). For this analysis the 95% confidence interval (CI) was used. A test for heterogeneity (degree of variation between individual study results) 15 was performed using a Chi-square test (p<0.10); 16 an I 2 value of 50% or more represents substantial heterogeneity. 15 Acknowledging that the included studies had been conducted independently and might represent only a random sample of the distribution of all possible effect sizes for this association, the random effects model was utilized. This model incorporates an estimate of both between-study and within-study variation into the calculation of the summary effect measure to provide a more conservative estimate of the true effect. 16, 17 Two-sided p <0.05 was considered statistically significant for data included in the meta-analysis. Each study was weighted by sample size and variability (automatically done by RevMan 5.0 software) following the standards for analysis suggested by the Cochrane Collaboration. 18 Studies were not weighted for quality since weighting by study quality has been controversial and not recommended. 19, 20 Sensitivity analyses were conducted to determine the influence of study quality, type of traumatic injury, and use of specified MS diagnostic criteria on the association between traumatic injury and MS onset, since the number of studies in various strata was sufficient to address the influence of these factors.
RESULTS
A total of 8,099 articles were found in the database search. Of these, 75 were considered potential studies of interest based on title and abstract review. After full article review, 16 studies were deemed to fulfill the inclusion criteria. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Fifty-nine studies were excluded for the following reasons: 23 articles were narrative reviews; 5,6,9,37-56 seven articles were not about MS (e.g., lateral amyotrophic sclerosis); [57] [58] [59] [60] [61] [62] [63] eight articles were case reports or case series; 64-71 13 articles did not involve traumatic injury as an exposure; [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] two were letters to the editor; 85,86 one was not primary research (i.e., notes); 87 one was a commentary; 7 one was a prevalence study with no information regarding the association between traumatic injury and MS onset; 88 one article looked at traumatic injury after the onset of MS; 89 and two articles examined the relationship between ionizing radiation and MS onset, which was not within the definition of traumatic injury for this review. 90, 91 A flowchart depicting this sequence is shown in Figure 1 . The kappa agreement between reviewers in choosing articles according to the inclusion criteria was 100% (k = 1.00).
Data were extracted from these 16 articles regarding authors/year, country, study design/data collection, sample size and characteristics, type of traumatic injury, analysis, and main results; and critical appraisal scores assigned to each article. The kappa agreement between the reviewers on critical appraisal scores for the included articles was 96% (k = 0.92) before being resolved through consensus. Summaries and quality scores for each article are provided in the Table.
Nature of studies
Of the 16 articles finally selected for this systematic review, 13 were classified as case-control-studies, [21] [22] [23] [24] [25] [26] [27] [29] [30] [31] [34] [35] [36] and three as cohort studies. 28, 32, 33 Traumatic injury was defined in a number of ways by these studies. Ten of the 16 articles examined the association between cranial (i.e., skull) or head (i.e., facial) traumatic injury and MS onset. Of these ten articles, five examined cranial/head only; 27, 28, 30, 32, 34 three examined cranial/ head plus spinal cord/back traumatic injury; 29, 33, 36 and two investigated the association between cranial/head, spinal cord/back plus any traumatic injury at the body level (e.g., fracture, major physical trauma, minor physical trauma, major and minor surgery, lumbar puncture, spinal anesthesia, electrical shock, falls) and MS onset. 22, 24 One study 21 defined traumatic injury as any accident producing unconsciousness. One study included trauma defined as any accident and burns. 35 Four studies 23, 25, 26, 31 did not define the type of traumatic injury investigated.
Direction of studies
Eight of the case-control studies had an OR of greater than 1.0. However, only three of these studies 27, 29, 31 had 95% CIs that did not include 1.0. Two of them 27, 31 found a significant association (p < 0.05) between traumatic injury and the onset of MS. The remaining study and one other 26, 29 observed an association which approached significance, with p values between >0.05 and <0.10. One of these 29 compared head trauma overall, head trauma before and after age 15, back trauma overall, back trauma before and after age 15; with only head trauma before 15 approaching significance. None of the cohort studies found a significant association between traumatic injury and the onset of multiple sclerosis.
Quality of studies
Eight of the 13 case-control studies [24] [25] [26] [27] 29, 30, 34, 36 were considered to be of moderate quality (four scoring 0.55 and four 0.66). The remaining five studies [21] [22] [23] 31, 35 were of low quality (one scoring 0.22, two 0.33, and two 0.44). Nine [22] [23] [24] [25] [26] 29, 30, 35, 36 met the criterion of adequate case definition, but only three met the criterion of adequate control definition. Six 26, 27, 29, 30, 34, 36 ensured that cases were representative of persons with MS and four 25, 27, 30, 34 that controls were representative of the general population. Seven [23] [24] [25] [26] [27] 29, 36 achieved the maximum score for group comparability. All of the studies used self-report data on exposure. Six verified exposure through family/friends [24] [25] [26] 29, 35, 36 and two through documentation, 35, 36 but little detail was given. Studies typically used the same method of ascertainment for cases and controls, that is, self-report, although doing so does not decrease the likelihood of recall bias. Five 24, 27, 30, 34, 36 indicated response rate.
Two of the cohort studies 28, 32 were considered to be of high quality and one 33 of moderate quality. All three accomplished most of the criteria evaluated by the NOS tool. However only two 28, 32 of the three studies clearly demonstrated that MS was not present in subjects at the beginning of the study and only two 28, 33 that follow up was adequate in groups exposed/not exposed to traumatic injury. None of the cohort studies achieved the maximum score for comparability of groups exposed/not exposed to traumatic injury on the basis of design or analysis.
Meta-analysis of case-control studies
Twelve case-control studies provided quantitative information, allowing their inclusion in the meta-analysis; one 25 did not. The OR effect estimate of the association between traumatic injury and MS onset for case-control studies included in the meta-analysis, was 1.41 (95% CI: 1.03, 1.93), statistically 16 ). Heterogeneity was acceptable among both the moderate quality (48%) and low quality (41%) studies. The fact that neither the moderate nor low quality case-control studies produced a significant effect size (1.40 and 1.44 respectively) suggests that the effect size found overall (1.41) was an inconsequential one pushed into significance by the added sample size of the meta-analysis.
Case-Control studies: results by type of trauma
When studies that considered only an association between cranial/head traumatic injury and MS onset were analyzed, 27, 30, 34 the OR was 1.46 (95% CI: 0.83, 2.55), not statistically significant (p = 0.18). When studies that examined cranial/head only, cranial/head plus spinal cord/back traumatic injury, or those two categories plus other types of injury were analyzed together, 22, 24, 27, 29, 30, 34, 36 the OR was 1.30 (95% CI: 0.84, 2.00), likewise not statistically significant (p = 0.24). When studies that did not define the type of traumatic injury were analyzed, 21, 23, 26, 31, 35 the OR rose to 1.62 (95% CI: 1.06, 2.48), statistically significant (p = 0.03). Heterogeneity was lower when the analysis included studies that investigated cranial/head traumatic injury only (25%) and unspecified types of injury (27%) rather than studies that investigated cranial/head only, cranial/head plus spinal cord/back traumatic injury and those two categories plus other injury types (47%). Studies which did not define type of traumatic injury may have been more susceptible to recall bias, considering the wide scope of possible injuries which persons with MS could include.
Case-control studies: results by use of MS diagnostic criteria
When studies that did not use specified MS diagnostic criteria were analyzed, 21, 24, 27, 31, 34, 35, 36 the OR was 1.59 (95% CI: 0.85, 3.00), not statistically significant (p = 0.15). Among the studies specifying diagnostic criteria, a wide range of historically appropriate ones were used, with authors generally selecting the most widely accepted criteria for the year of their study. When studies that used specified MS diagnostic criteria were analyzed, 22, 23, 26, 29, 30 an OR of 1.36 was obtained (95% CI: 0.98, 1.88), again not statistically significant (p = 0.06). Heterogeneity was unacceptably high (61%) among studies that did not use specified criteria but was reduced to 0% among studies that did. Although misclassification of study participants into MS/not groups is more likely to occur when no specified criteria are used, findings did not vary by this factor.
Meta-analysis of cohort studies
One of the cohort studies 33 was excluded because it did not have a reference cohort with no trauma embedded in the study; MS incidence in the trauma cohorts was very low, showing no excess compared to the general population. The SIR for the two included studies was 1.00 (95% CI: 0.86, 1.16), not statistically significant (p = 0.97). Heterogeneity was acceptable at 29%. Figure 3 depicts these results; events and sample size are embedded in the Table. 
CONCLUSIONS AND DISCUSSION
Association between traumatic injury and MS onset
The OR for case-control studies in this review supported an association between traumatic injury and MS onset. However, the average effect size of 1.41 is below the 2.0 threshold beyond which an elevated OR is probably not due to bias 93 and the 3.0 recommended to avoid significance due to overpowering in meta-analyses. 94 Although weighting of studies included in a meta-analysis by quality is controversial, some methodologists 95 have suggested that low quality studies should be excluded entirely. If not, studies with low validity will contribute as much to the summary measure as those with comparable sample size but greater validity and may bias the results. The same methodologists have recommended the option of excluding outliers. 95 Among the low quality studies in this review, McAlpine and Compston 31 had the lowest quality score and close to the largest sample size. Excluding this study alone as an outlier would have reduced the OR among case-control studies to 1.24 (95% CI: 0.94, 1.64), p = 0.12 and heterogeneity to 19%. If only the moderate quality case-control and high quality cohort studies had been considered, this review like earlier ones would not support an association between traumatic injury and the onset of MS.
Strengths
Our systematic review includes articles not covered in the AAN report, current to May 2011. A standardized scoring system recommended by the Cochrane Group, the NOS, was used to assign quality scores to included articles, unlike previous reviews. There appear to be no meta-analyses published on the association between traumatic injury and MS onset. Since separate meta-analyses were conducted for case-control studies with low and moderate quality and for cohort studies which were of high quality, we have provided insight into the association between traumatic injury and MS onset by quality of study. The exploration of this association by type of trauma and use of specified diagnostic criteria are also unique contributions to the literature.
Limitations
Although case-control and cohort studies are appropriate to determine association and causality, these designs have weaknesses which limit their ability to elucidate the role of possible risk factors. Case-control studies often rely on subject recall of trauma without verification by factual sources, such as medical records. Subjects or family/friends interviewed for verification may be biased in their recall of trauma, trying to find an explanation for onset of the disease; this may account for the large number of case-control studies in our systematic review which found an excess of trauma. In addition, because onset of MS is frequently occult, it is seldom possible to establish that trauma occurred prior to onset. It might even be argued that the number of case-control studies with an odds ratio of greater than 1.0 is a reflection of occult onset precipitating trauma, i.e., participants are reporting trauma on the assumption that it preceded symptoms when in fact unrecognized symptoms were increasing their risk of trauma. Although, theoretically, cohort studies should be better, this depends somewhat on their sources of data. For example, are injured versus non-injured groups assembled on the basis of self-report or medical records? Have they been screened for MS prior to trauma? This is not always so, especially when subjects are identified from databases not set up for the purpose. Another issue is the appropriate timeframe for observational studies. For example, how far in the past can trauma have occurred in case-control studies and how far in the future should subjects be followed for the development of MS in cohort studies? In addition the comparability of groups can have a bearing on any association observed; for example, the physical activity level of cases versus controls or family history of MS in injured versus non-injured cohorts. Most of the studies in this systematic review controlled for gender and age in some way, such as matching, but few used multivariable models to adjust for other potentially confounding variables. The three studies [27] [28] [29] that used adjustment did control for factors such as education, energy intake and smoking, as well as for gender and age. The crude estimates versus the adjusted estimates in these studies were similar, suggesting no impact of these variables. However, future studies might benefit from more attention to such factors since at least one study 29 found that medical training influenced propensity to report the occurrence of trauma, illustrating the possible influence of confounding variables.
The definition of traumatic injury is also problematic. As seen from this systematic review, the definition of trauma in research has been diverse. Some studies combined events, reporting data in such a way that various types of traumatic injury could not be separated out in the meta-analysis. More studies examining the association between specific types of trauma and MS onset might be conducted. Other exposures which have sometimes been classified under the physical trauma umbrella, for example to ionizing radiation, organic solvents and surgery/anesthesia were not included in the review, so that no conclusions can be reached about such exposures as risk factors for the onset of MS. Finally age at trauma prior to MS onset is an issue. Some studies divided time periods before onset, for example, before/after age 15, in such a way that data could not be combined over the entire pre-onset period.
This review limited the definition of MS to onset of disease. While it may seem reasonable to assume that, if traumatic injury is not associated with MS onset, it would not be associated with relapse/exacerbations, no conclusion about an association between traumatic injury and relapse can be drawn from this review. The AAN report 6 considered relapses, however, and still reached the conclusion that there was insufficient evidence linking physical trauma to MS. The diagnosis of MS can also be questioned and many criteria [96] [97] [98] [99] [100] [101] were used in the articles included in this review, depending upon those which were generally accepted at the time of each study. In particular, earlier studies relied on clinical rather than laboratory supported diagnosis and may have involved a greater degree of misclassification among subjects. Any future studies should use specified diagnostic criteria.
There is also the issue of power and statistical methods to be considered. Some of the case-control studies in this review may have had too few subjects to find a statistically significant association between traumatic injury and MS onset, despite greater exposure among the cases. However, two of the cohort studies included sufficient numbers to find even a small effect of traumatic injury. The approach to analyzing data in the articles included differed, for example, absence/presence of trauma versus number of traumatic events. The meta-analysis, however, extracted original data and used consistent statistical methods to describe study findings, that is, odds ratio, standardized incidence ratio and 95% confidence intervals.
Implications
An association between traumatic injury and the development of MS has been debated for many years. Studies have attempted to determine whether traumatic injury is a risk factor for MS, with conflicting results. On the whole this systematic review and meta-analysis does not support an association between traumatic injury and MS onset but it cannot rule out such an association, largely because of limitations in the studies conducted. Nevertheless the findings may be useful in adjudicating claims by persons with MS seeking compensation for traumatic injury from worker's compensation boards or insurance companies through the courts, especially considering the unconvincing effect size found for high quality cohort studies. The results should also help persons with MS, their families and caregivers to better assess the role of traumatic injury in the onset of their disease. Patients have a natural tendency to try to understand what factors contribute to the development of MS or may influence prognosis. They may even make decisions regarding their own and family members' behavior based on their beliefs about risk factors; for example, if a patient held the belief that trauma was a risk factor, they might discourage relatives from participating in physical work or recreational activities which could lead to injury and possibly precipitate MS. Clinicians should be able to use the findings to provide patients with information to help them make informed decisions about such avoidance behaviors.
Although the results of this systematic review and metaanalysis do not support an association between traumatic injury and the development of multiple sclerosis, only three cohort studies have been published. Further high quality cohort studies designed to address problems with previous research noted in the discussion, including clear indication that MS was not present before trauma and assurance of group comparability, would add valuable information regarding the role of traumatic injury in MS onset.
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